Abstract The M w 7.9 earthquake beneath the Ogasawara Islands on 2015 May 30 at 680 km depth (about 100 km deeper than other seismicity in the vicinity) produced significant shaking over a broad area of Japan in the epicentral distance range 1,000-2,000 km. Usually, deep earthquakes in the subducting Pacific slab develop a band of large ground motion along the east coast of northern Japan, due to efficient guiding of high-frequency (>1 Hz) waves in the subducting slab. However, for this very deep earthquake, the large ground acceleration arises from relatively low-frequency (<1 Hz) S wave pulses with a long tail of long-period (<0.1 Hz) signals. The arrival of the slab-guided high-frequency signal was very late, and weak, compared with normal Pacific slab events. Numerical simulation of seismic wave propagation reveals that the observed low-frequency pulses are the direct S wave from the very deep source followed by a large SV-to-P conversion at the free surface with near-critical S wave incidence. These phases produce a long-period shear-coupled PL (S-PL) wave by constructive interference between wide-angle P and S reflections in the crust and incoming S wave to the crust. The S-PL wave travels several hundred kilometers at regional distances with reinforcement from continuing S wave input from the very deep source. Such an unusual observation of strong low-frequency ground motion was due to its very great source depth, outside the main slab, so the high-frequency Pacific-slab guided wave was weak.
Introduction
A large (M w 7.9) and unusually deep earthquake at 680 km focal depth occurred to the west of the Ogasawara Islands on 30 May 2015. This M w 7.9 event produced a severe shock over the Japanese Islands. The maximum shaking intensity reached 5+ on the Japan Meteorological Agency 7-point scale at both Hahajima Island above the hypocenter and Kanagawa (near Tokyo) located over 800 km from the hypocenter. The extraordinary spread of the felt (intensity ≥ 1) area over all 47 prefectures of the Japanese Islands is the first since the start of intensity observations in 1884.
The occurrence of this earthquake is still puzzling, not only for its great depth but also because it lies more than 100 km away from the ordinary seismicity in the vicinity, suggesting that the earthquake might have occurred out of the main Pacific slab. A number of researchers have tried to infer the cause of this unusual deep earthquake and the precise location of this event with the aid of waveform analysis of teleseismic records (Ye et al., 2016) , strong motion data (Takemura et al., 2016) , investigations of detailed Pacific slab structure using the receiver function technique (Porritt & Yoshioka, 2016) , travel time tomography (e.g., Obayashi et al., 2017; Zhao et al., 2017) , and by examining the morphology variations of the Pacific slab along the Izu-Bonin subduction zone (Yang et al., 2017) .
Intermediate to deep events within the subducting Pacific slab develop anomalously large shaking intensity on the fore-arc side, at the Pacific coast of the Japanese Islands, because the subducting slab acts as an efficient waveguide for high-frequency (f > 1 Hz) seismic waves. Typical patterns of such anomalously large intensity from deep Pacific slab events with significantly stretched iso-intensity contours parallel to the Pacific-slab structure have been presented by, for example, Utsu (1967) , Utsu and Okada (1968) , Kennett (2005, 2008) , and Furumura et al. (2016) . Such high-frequency slab-guided waves are characterized by intense and long-duration wave trains that have traveled long distances in the heterogeneous slab by multiple forward scattering reinforced by the high-Q regime of the cold slab.
For the 2015 Ogasawara Islands earthquake the observed seismograms at regional distances (1,000-2,000 km) along the northern seaboard (fore-arc side) of the Japanese Islands display unusual large ground motion. This motion consists of relatively low-frequency (f < 1 Hz) S wave pulses rather than high-frequency (f > 1 Hz) slab-guided waves. In addition, the intensity anomaly is rather weak and more broadly spread than those of other deep Pacific slab events dominated by high-frequency slab-guided waves. Hence, we need another explanation to develop large, low-frequency S wave pulses on the northern seaboard of Japanese Islands at regional distances from the very deep 2015 Ogasawara Islands earthquake.
The very deep, large earthquakes in Bolivia earthquake on 9 June 1994 (M w 8.3; h = 637 km) and beneath the Sea of Okhotsk on 24 May 2013 (M w 8.3; h = 609 km) produced felt reports over extraordinary distances from the epicenter (Anderson et al., 1995; Kuge, 2015) . The mechanism of such large ground motion at teleseismic distances was explained by the arrival of high-frequency (f > 1 Hz) P and PcP phases as a result of efficient radiation of the P wave from the deep source, coupled with the propagation of high-frequency signals along high-Q lithosphere, and amplification of the P wave in the crust and mantle structure and shallow structure below stations (Anderson et al., 1995; Kuge, 2015) . In contrast, the observed strong ground motions from the h = 680 km 2015 Ogasawara Islands earthquake at regional distances (D = 1,000-2,000 km) across much of Japan come from low-frequency (f < 1 Hz) S waves and so differ markedly from the other two large deep events.
In this study we analyze the strong ground motion records of the 2015 Ogasawara Islands earthquake obtained from the dense networks across the Japanese Islands and conduct finite difference method (FDM) simulations of seismic wave propagation in order to understand the nature and cause of the peculiarities of the observed low-frequency wavefield. We show that the observed low-frequency waves consist of direct S waves and wide-angle P reflections (SsPmp) in the crust produced by near-critical incidence of the S wave from the very deep source on the free surface. The interference of the SsPmp multiple trains traveling in the crustal waveguide is constructive at low frequencies and produces the long-period (T > 10 s) shearcoupled PL (S-PL) wave (Oliver, 1961) . Such low-frequency SsPmp and long-period S-PL waves are only prominent when slab guided high-frequency phases are weak. The unusual observations of the low-frequency strong ground motion during the 2015 Ogasawara Islands earthquake are, therefore, consistent with a source outside the main subducting slab that is not able to generate strong slab-ducted waves.
Strong Ground Motions From the Very Deep Ogasawara Islands Earthquake
The strong ground motion distribution from the 2015 Ogasawara Islands earthquake (M w 7.9) at 680 km depth is shown in Figure 1a through the peak ground acceleration (PGA) obtained by interpolation of accelerograms from 924 K-NET and KiK-net strong motion stations. These stations are distributed across the Japanese Islands at spatial intervals of about 20-25 km.
Anomalously stretched PGA contours from the hypocenter to the north parallel to the isodepth contours of the subducting Pacific slab are typical for intermediate-to deep-focus earthquakes in the Pacific slab. These high accelerations are associated with high-frequency (f > 1 Hz) waves that travel very efficiently up the slab. Such a waveguide effect occurs in the high-Q and high-V slab (Utsu & Okada, 1968) , where elongated finescale heterogeneities help to duct high-frequency energy to the surface by multiple forward scattering (Furumura & Kennett, 2005) . The quasi-laminar heterogeneity in the slab has a large effect for high-frequency (f > 1 Hz) waves with much shorter wavelength than the scale of heterogeneity (Furumura & Kennett, 2008) . A thin, low-V anomaly in the core of the slab at depths between 410 and 660 km, formed by a metastable olivine wedge (MOW), also enhances the slab waveguide effect for deep earthquakes in the subducting slab .
The character of the strong ground motion that produced the large PGA (Figure 1a ) is displayed in Figure 1b with the record section of radial (R) component ground acceleration recorded at the F-net broadband network (see Figure 1a for station locations). These accelerograms are obtained by time differentiation of the broadband velocity records; each trace is multiplied by epicentral distance to compensate for geometrical attenuation. The record section is illustrated with a reduction velocity of 6.5 km/s, which corresponds to the P wave speed in the lower crust.
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For relatively short distances (D < 1,000 km), the record section for the stations on the Pacific Ocean side of northern Japan (Figure 1b ; a-a 0 ) displays prominent high-frequency (f > 1 Hz) P and S waves with long coda duration demonstrating the slab-waveguide effect. Whereas the record section from central Japan to the Ryukyu Islands (Figure 1b ; b-b 0 ) shows dramatic attenuation of high-frequency S wave as it travels through the very low-Qs mantle wedge above the Pacific slab. Such large contrast in the distribution of strong ground motion between northern and western Japan is a typical property of intermediate-to-deep Pacific slab earthquakes (Furumura & Kennett, 2008) .
However, at larger distances (D > 1,000 km), the largest ground acceleration on the Pacific Ocean side of northern Japan for the 2015 event is associated with relatively low-frequency (f < 1 Hz) pulses rather than high-frequency (f > 1 Hz) slab-guided S wave. The first arrival of these low-frequency pulses corresponds well to the theoretical S wave travel time curve from the ak135 standard Earth model (Kennett et al., 1995) . Such low-frequency pulses suddenly appear at stations of northern Japan at epicentral distances close to D = 1,000 km and then extend to distances beyond 1,800 km, yielding the largest acceleration in each record. In contrast, the arrival of the slab-guided high-frequency wave is relatively weak and late with an apparent wave speed of less than 4.5 km/s. Therefore, the spread of large PGA over northern Japan at regional distances (D = 1,000-1,800 km) arises from these peculiar low-frequency waves, rather than the usual highfrequency slab-guided waves.
Wavefield From Much Shallower (h = 460 km) Ogasawara Event Within the Pacific Slab
The distinctiveness of the low-frequency wavefield at regional distances from the 680 km deep 2015 Ogasawara Islands earthquake can be confirmed by comparison with another event in the Pacific slab beneath the Ogasawara Islands on 30 November 2010 (M w = 6.8). This second event is much shallower, with a focal depth of 460 km, and lies within the main subducting Pacific plate (Figure 2 ). The separation of the epicenter from the 2015 event is about 40 km, and so is much smaller than the large epicentral distance (D > 800-1,800 km) to the main Japanese Islands.
The record sections for this 460 km depth earthquake show no distinct low-frequency pulses at the northern stations. Instead, higher-frequency P and S wave trains with long codas are very prominent, as is typical for Figure 2a , where the color scale of the PGA is normalized at the location of Tokyo, for comparison with the PGA distribution for the 2015 Ogasawara Islands earthquake (Figure 1a ). The pattern of the PGA contours for the 460 km earthquake extends much farther to the north along the Pacific coast, as is usually seen for deep earthquakes occurring in the Pacific slab. This also suggests that the high-frequency slab waveguide effect for the 2015 Ogasawara Islands earthquake was not as efficient as usual.
The much weaker PGA anomaly for the very deep 2015 Ogasawara Islands earthquake is also demonstrated by comparison with the empirical PGA attenuation function of Si and Midorikawa (1999) (Figure 3Aa ), extended to very deep events and larger distances. In Figure 3 the PGAs at fore-arc stations are shown with solid circles and those at back-arc stations with open circles; the empirical expectation for PGA at each distance is shown by a solid line together with bounds generated by multiplication or division by 5. The significant amplification of the PGA at fore-arc stations is confirmed for the normal in-slab 460 km event (Figure 3 Ab) since it exceeds the empirical results by more than a factor of 5. Whereas the PGA anomaly for the 2015 Ogasawara Islands event lies almost within the bounds, indicating a modest PGA anomaly.
We also calculate the spectral ratio of horizontal ground acceleration for fore-arc stations (YMZF and TSKF) relative to back-arc stations (ISIF and WTRF) using similar epicentral distance pairs (YMZF/ISIF and TSKF/WTRF; Figure 3 ). The results show that the amplification ratio of the high-frequency S wave for fore-arc/back-arc stations for the 2015 Ogasawara Islands earthquake is roughly 30 in the high-frequency range between 1 and 5 Hz (Figure 3Ba ), which is much weaker than that for the 460 km in-slab earthquake with amplification over 100 (Figure 3Bb ).
These results demonstrate that the strong ground motions from the very deep 2015 Ogasawara Islands earthquake at regional distances were milder than those from the ordinary-depth 2010 in-slab event with significant high-frequency Pacific slab guided waves.
The Nature of the Low-Frequency Phases Following S
The nature of the low-frequency phases following S during the 2015 Ogasawara Islands earthquake can be clearly seen in the ground velocity motion of the R component shown in Figure 4 . In section S1 of the supporting information we display ground velocity for all three components, which demonstrates the considerable Figure S1 in the supporting information). The low-frequency S phase consists of two wave packets with a similar apparent velocity and a time separation of about 10 s. The arrival of the first packet coincides with the expected time for the S wave from the ak135 model (Kennett et al., 1995) . At regional distances (D = 1,000-2,000 km) the very deep h = 680 km earthquake causes many branches of S wave arrivals associated with interactions with mantle discontinuities, but the arrival of the second pulse is much later than their predicted arrival times. The second packet has slightly longer period and about 1.5 to 2 times larger amplitude than the first packet, which can be seen across the full record section for the northern profile (a-a 0 in Figure 4 ) and near stations in western profile (b-b 0 ; WTRF, UMJF, TSAF, and KYKF) located behind the descending Pacific slab.
We have examined other events and find that such packet doublets appear only from the 2015 Ogasawara Islands earthquake main shock, but not in the aftershock of 2 June 2015 (Mb = 4.9; h = 680 km; Figure S2 ) and other nearby events. This means that the observed S packet doublets arise at the source probably due to multiple shocks, rather than being associated with the propagation to the stations. 
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In Figure 5 we display the three components of ground velocity for the northern station KMUF at an epicentral distance of 1,600 km. A band-pass filter (f = 0.01-0.1 Hz) has been applied to enhance the low-frequency wavefield. The waveforms show clearly the moderately low-frequency (f = 0.125-0.25 Hz) pulse doublet (marked S1 and S2) with a separation of about 10 s, and the following large, long-period (T = 10-20 s) wave trains with long tails that are prominent on the radial (R) and vertical (Z) components. Such a long tail to the long-period wave train is clear at most stations ( Figure S1 ) and has largest amplitude in the R component. The long-period (T = 10-20 s) wave trains on the R and Z components following the S wave pulses show mild dispersion, as expected for the shear-coupled PL (S-PL) wave (Oliver, 1961) developed by interference between multiple reflections of P and S waves traveling in the crustal waveguide. The long-period and long-duration S-PL wave train becomes more pronounced at larger distances from around 1,000 km to over 1,800 km with some overlap with high-frequency slab-guided waves (Figures 4 and S1). Such long-period S-PL waves will be efficiently generated from larger earthquakes (M > 6), but not from smaller events (Mb = 4.9; Figure S2 ) with limited signals in the long-period band. The S wave pulses on the tangential (T) component are strongest for shorter-period (T < 8 s) signal with no following long-period wave train or dispersion, indicating a different cause for these pulses, such as multiple SH-wave reflections in the crust.
The particle motions of each distinctive seismic phase in the R-Z plane are shown in Figure 5 . The direct P wave shows linear or slightly elliptical motion. The particle motion of the S wave pulses (S1 and S2) shows somewhat complicated linear and retrograde motion with a mixture of oscillations both parallel and perpendicular to the P wave direction. The motion parallel to the P wave direction may indicate SV-to-P conversion at Moho or at the free surface. The large and long-period motion for S-PL is largest for the R component with weak dispersion. The horizontally elongated prograde particle motion of the S-PL wave in the R-Z plane is consistent with the property of coupling between horizontally traveling wide-angle Pmp reflections in the crust and S waves in the long-period band (T = 10-20 s).
Numerical Simulation of Regional S-PL Wave From Deep Slab Events
In order to see the way in which such low-frequency SV-to-P converted wave and long-period S-PL waves are developed in the crust from the incoming S wave from the 680 km depth source, we conduct a FDM simulation of seismic wave propagation, which is then compared with that for a much shallower 460 km source.
2-D Simulation of the S-PL Wave From Deep Events
We first conduct a 2-D simulation with a laterally homogeneous structure with P and S wave speeds based on the ak135 Earth model (Kennett et al., 1995) ; the density and attenuation (Qp and Qs) are based on the study of Montagner and Kennett (1996) . In this simulation we have employed a rotational torque-force source, which radiates SV wave uniformly in all directions. Such a torque source enables us to understand the total S wavefield without being subject to the details of the S wave radiation pattern of a double-couple source. Also, since there is no P wave radiation from the torque source, the development of SV-to-P conversions during propagation can be readily identified. The influence of the S wave radiation pattern on the development of the SsPmp and S-PL waves at regional distance is discussed in section S3 based on FDM simulations using double-couple sources.
The FDM simulation model is 2,000 km wide in the horizontal direction and covers 1,000 km in depth, discretized with a uniform grid interval of 0.1 km. The calculation is conducted in a Cartesian-coordinate system, and Earth flattening is applied to compensate for the sphericity of the Earth.
We compare the regional wavefield developed by sources at 680 km depth ( Figure 6a ) and at 460 km depth (Figure 6b ) for the laterally homogeneous ak135 Earth model. We display record sections of radial (R) component ground velocity and snapshots of the seismic wavefield at 160 s, 240 s, and 300 s after event initiation (see also Movies S1 and S2). The snapshots of the simulated seismic wavefield are separated into P and S (SV) components by calculating the divergence (red) and rotation (green) of the simulated 2-D wavefield. A band-pass filter (f = 0.01-0.2 Hz) is applied to each trace in the record sections to enhance the longperiod S-PL waves. The record sections are plotted with a reduction velocity of 6.5 km/s, which corresponds to the P wave speed in the lower crust, that is, the fastest wave speed of the weak dispersed S-PL wave train traveling in the crust.
Simulation Result for a 680 km Deep Source
The first wavefield snapshot, 160 s after event initiation, for the 680 km depth source (Figure 6a) shows the upgoing S wave from the deep source develop strong SV-to-P and SV-to-SV conversions at the Moho (Sp and Ss) and at the free surface (SpP, SpS, SsP, and SsS).
At relatively short epicentral distances (D < 500 km) the incident angle of the S wave for the crust is too steep (<20°) to retain multiple P and S reflections in the crust, and most of the energy is returned to the mantle (see 160 s frame).
When the epicentral distance becomes larger (>700 km), roughly the source depth, the incident angle of the S wave becomes near critical (about 35°). This generates strong SV-to-P reflection (SsP) at the free surface (see 240 s frame, and Figure 7 for a schematic illustration of the raypaths), because the apparent horizontal velocity of the incoming S wave is nearly the same as the crustal P wave speed. Then, the converted P wave (SsP) at the free surface can travel near horizontally in the crust by wide-angle reflections between the free surface and Moho (240 s, 300 s frames). This type of arrival was denoted as SsPmp by Bath and Stefansson (1966) (also see Langston, 1996 and Swenson et al., 1999) . Many different classes of multiple SsPmp reflections in the crust and the upcoming S wave into the crust constructively interfere to produce the long-period S-PL wave (Oliver, 1961) .
There is attenuation of SsPmp and S-PL waves due to P-to-SV conversion on reflection at the surface and Moho, such SV energy returns to the mantle. The snapshots in the second (240 s) and third frames (300 s) show this gradual loss from SsPmp and S-PL waves as a batch of inclined downgoing plane S waves into the mantle. Nevertheless, the results of the simulation show that once the SsPmp and S-PL waves are developed they can travel several hundred kilometers. The incoming S wave from the deep source continuously injects S wave energy into the crust, and up to about 1,500 km produces large SV-to-P conversion at the free surface. Beyond this distance the incident angle of the incoming S wave becomes too large for efficient SV-to-P conversion at the free surface. Figure 1 for locations). The lower panel illustrates the particle motions of P, S (S1 and S2), and S-PL phases projected onto the R-Z plane.
Journal of Geophysical Research: Solid Earth
10.1002/2017JB014519
These features are well displayed in the record section of the R component ground velocity (Figure 6a) . A large SsPmp wave is seen at a distance roughly equal to the source depth (D > 680 km). The Hilbert transformed waveshape of the SsPmp phase demonstrates the effect of wide-angle reflection at the Moho. The (a) h=680 km (b) h=460 km Figure 6 . Snapshots of seismic propagation at 160, 240, and 300 s after event initiation and record sections of radial motion from 2-D FDM simulation using the ak135 standard Earth model and an isotropic S wave source at depths of (a) 680 km and (b) 460 km. The P component of the wavefield is shown in red and the S component in green. Major phases such as the incident S waves, SV-to-P converted wave at Moho (Sp, SP), reflected S wave at free surface (SsS) and SV-to-P converted wave at free surface (SsP), Moho reflected SsPmp phase, and S-PL waves are marked. Travel time curve of the direct S wave is indicated. The record sections are plotted with a reduction velocity of 6.5 km/s. See also Movies S1 and S2.
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SsPmp multiples traveling near horizontally in the crustal waveguide give rise to the long-period (T = 10-20 s) S-PL wave with interference between the waves in the crust and the upcoming S wave from the mantle. The long duration of the long-period wave train of the S-PL wave is clearly seen over large distances up to 1,800 km.
Note that the development of the SsPmp and S-PL wave at regional distances is also dependent on the strength of the S wave radiation from the deep source toward particular directions. The results of simulations using a double-couple source (dip = 0; Figure S3a ) confirm significant SsPmP and S-PL at regional distances (D = 500-1,500 km) due to efficient radiation of S wave in this direction, as compared with another earthquake source (dip = 45°; Figure S3b ) with less effective S wave radiations.
Section S4 presents a view of the S-PL wave based on analysis in the slowness domain ( Figure S4 ). S waves with slowness comparable to P waves in the crust can couple strongly to P waves after SV-to-P conversion at the Moho and reflection from the free surface. The resulting SsPmp waves travel at close to the critical angle and so progress substantial distances (over 100 km) with each successive reflection from the Moho and free surface. The interference of many classes of multiple SsPmp reflections with a range of incident angles leads to constructive interference in the low-frequency band to give the long-period S-PL wave, which is much stronger on the R component. The pattern of interference varies with distance giving rise to mild frequency dispersion of the S-PL wave. Although energy is lost back to S waves with P-to-SV conversion at each reflection at the Moho and free surface, the multiple SsPmp reflections sustain significant arrivals for several hundred kilometers beyond the distance where the incident S wave no longer couples to P wave because its apparent horizontal velocity becomes too large.
Simulation Result for a 460 km Deep Source
The results of the simulation for the 460 km source (Figure 6b) demonstrate that, for a shallower source, there is much narrower zone where the SsPmp and S-PL waves can be developed. The snapshots of the first (160 s) frame of Figure 6b show strong SV-to-P conversion and following SsPmp reflections traveling in the crust. However, the attenuation of these phases is significant with propagation distance in the crust, due to strong leakage of seismic energy into the mantle by P-to-SV conversion at free surface (240 s). In the last frame of the snapshot (300 s) the energy of the SsPmp and S-PL phases has almost disappeared from the crustal waveguide by loss of energy into the mantle.
In contrast, for the deeper (680 km) source, S wave energy is continuously injected into the crustal waveguide over a significant distance range (Figure 6a ). The incident angle of the S wave from the 460 km depth source soon becomes too large to generate SV-to-P conversion at the free surface to compensate for energy losses of the SsPmp and S-PL phases. This means that only very deep sources with a coupling zone spanning several hundred kilometers are able to generate efficient SsPmp multiples and an S-PL wave.
It is expected that some SsPmp and S-PL phases might be developed from the 30 November 2010 earthquake at 460 km depth at distances comparable to the source depth. However, the observed slab-guided highfrequency waves at northern stations at this distance are strong enough to conceal such weak signals (Figure 2) . Thus, observations of the low-frequency SsPmp and long-period S-PL phases can be expected to be rather infrequent and may only be possible in specific configuration of source and stations and suitable focal mechanism to provide an efficient S wave radiation.
3-D Simulation of S-PL Wave From Deep 2015 Ogasawara Event
We then conduct a full 3-D FDM simulation of seismic wave propagation for the 2015 Ogasawara Islands earthquake using a heterogeneous crust and mantle structural model, including the subducting Pacific and Philippine sea slabs. The volume covered by the 3-D wave propagation simulation is 2,176 km in N-S and 1,472 km in the E-W direction, extending to 1,000 km in depth. The grid interval for model discretization is 0.25 km (Figure 8) . Figure 8a shows the domain in map view with the locations of the The crustal model is derived from the Crust 1.0 model (Laske et al., 2013) with the minimum S wave speed in the upper crust being 3.4 km/s. The geometry of the Pacific slab is taken from the Slab 1.0 model (Hayes et al., 2012) and the Philippine sea slab from the JIVSM model (Koketsu et al., 2012) . For the old (100-120 Ma) Pacific slab, a 5 km thick former oceanic crust and a 120 km thick mantle component are assumed in the simulation model. For the younger (30-40 Ma) Philippine sea slab, the thickness of the former oceanic crust is again assumed to be 5 km, but the mantle component is taken to be only 30 km thick. The physical parameters for the descending slabs and the distribution of fine-scale heterogeneities in the slab are taken from the work of Furumura and Kennett (2005) and Furumura et al. (2016) . Stochastic random heterogeneity, described by a von Karman distribution function for laterally elongated quasi-lamina features, is superimposed on the background velocity and density distributions of the subducting slabs. 
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A thin low-velocity anomaly associated with a metastable olivine wedge (MOW) is introduced in the deeper (410-660 km) part of the Pacific slab following the study of Furumura et al. (2016) . However, the effect of this MOW is expected to small in this simulation, since the source lies outside of the MOW. 
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The source-slip model for the 2015 Ogasawara Islands earthquake employed in the present simulation is based on the results of the source-rupture inversions of Ye et al. (2016) exploiting waveform analysis of teleseismic data. The source is approximated by two rectangular fault planes with sizes of 25 km by 25 km and (a) h=680 km (inslab) (b) h=680 km (inslab, strike rotate) Figure 10 . Record section and snapshots of the 3-D seismic wavefield along the profile A-A 0 (Figure 8 ), but now, for 680 km, sources moved to the west to lie inside the Pacific slab (see Figure S5 for location) with (a) the same focal mechanism as the 2015 Ogasawara Islands event, and (b) a modified focal mechanism with rotation of the strike of the fault plane by 45°(note the amplitude of the waveforms are multiplied by 0.7). The dashed stars indicate the source location projected onto the plane of the plotted section.
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9 km by 9 km; the separation between the source segments is 32 km to the west and 8 km in depth. Each source segment is divided into 40 × 40 subfaults, and each radiates a seismic wave with 0.3 s pulse with a rupture speed of 4.0 km/s. The source mechanism is taken from the Global Centroid Moment Tensor catalog (strike: 36°, dip: 25°, rake: À39°) with a centroid source depth of 687 km and seismic moment of 7.6 × 10 27 dyne-cm for the M w = 7.9 event.
The 3-D FDM calculation was conducted with a fourth-order staggered-grid FDM scheme. Anelastic attenuation (Qp and Qs) is implemented using a Maxwell model comprising three Zener bodies (Moczo et al., 2007) . A perfect matched layer boundary condition is introduced in the outer 10 grid points of the model to suppress artificial reflections. With the assigned minimum S wave velocity of the upper crust (Vs = 3.4 km/s) and the grid size of the model (0.25 km), the present FDM simulation can represent high-frequency wave propagation up to f = 3 Hz with a sampling of 4.5 grid points per minimum wavelength. This maximum frequency is just high enough to allow comparison between the waveforms and pattern of PGA distributions between the simulations and filtered observations.
Simulation Results
The results of the 3-D FDM simulation for the 680 km deep 2015 Ogasawara Islands earthquake are shown in Figure 8b (the full frame figure is shown in Figure S6 ) with snapshots of 3-D seismic wavefield at 68 s, 147 s, 258 s, and 330 s after event initiation. As in the 2-D simulations, the P component of the wavefield is shown in red and S in green (see also Movie S3). These images clearly demonstrate the way in which the P and S waves spreading from the deep source outside the main slab can develop a distinctive low-frequency wavefield as they interact with the crust. By the 147 s frame the P wavefront sweeps across the Japanese Islands. At 258 s, the S wavefront has reached central Japan and we can identify the presence of the S-PL wave by an admixture of red to green, behind the S front. The spatial separation of the S-PL wave from the S wavefront is slightly greater in northern Japan in the 330 s frame.
We take a vertical cross section of the simulated 3-D wavefield from north to south through the h = 680 km source (A-A 0 ; Figure 8 ) with both record sections and snapshots ( Figure 9 ). We display the vertical cut through the 3-D wavefield along A-A 0 at 147 s, 258 s, and 330 s after event initiation (see also Movie S5). The snapshots and movie of the simulated wavefield show a rather complex 3-D wavefield as a result of the P and S waves radiated from the deep source and interactions with the Pacific and Philippine sea slabs and with the continental crust.
The first snapshot at 147 s in Figure 9a shows most of the S waves from the source outside the slab traverse the high-Q Pacific slab, but some of this S wave energy are injected into the slab to develop large and highfrequency (f > 1 Hz) ground motions at shorter distances (<1,000 km) in central to northern Japan. However, the trapping of the high-frequency signal in the slab traveling to the north is rather weak for the source outside the slab (258 s and 330 s frames).
At larger distances, beyond 700 km, the incidence angle of the direct S wave traveling through the mantle and impinging on the free surface becomes near critical, and so generates large SV-to-P conversions (SsP) in the crust (258 s frame). The SsP phase travels for long distances by wide-angle SsPmp reflections between free surface and Moho leading to constructive interference between P and S waves in the crust to form the S-PL wave. Attenuation of the SsPmp and S-PL occurs by energy leakage into the mantle by SV conversion, as can be seen in the 258 s and 330 s frames as inclined S wavefronts traveling into the mantle. However, this attenuation is compensated by the continuing arrival of S wave energy from the very deep source to the crust at larger distances, introducing new SV-to-P conversions. As a result a large SsPmp and S-PL signal can be sustained to distances up to about 1,800 km (see 330 s frame).
This source outside the main slab sets up a weak slab-guided wave that links into the crustal waveguide at distances about 800 km where the Pacific slab connects with the crust. This guided wave links to Sn waves at the top of the upper mantle and high-frequency Lg wave in the crust produced by multiple wide-angle Sms reflections between free surface and Moho. The spindle shape of the high-frequency Lg-wave packet spreads linearly with distances over the distribution of the S wave velocity in the crust (3.5-4.2 km/s).
The synthetic record section for the R component ground acceleration at the F-net stations from Izu-Bonin Islands to Hokkaido (see A-A 0 in Figure 8a for locations) is shown in the upper panel of Figure 9a , which can be directly compared with the record section of observed F-net record shown in Figure 1b . We can
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confirm the dominance of the low-frequency (f < 1 Hz) S wave pulses at larger distances (D > 1,000 km), as we saw in the F-net records (Figure 1) . The large amplitude lower-frequency wave train following the S arrival is dominantly produced by waves traveling outside the subducted slab which generates distinctive SsPmp multiples and S-PL wave in the crust. Weak slab-guided waves are developed indirectly from the source outside the slab. These guided waves are then injected into the crust when the slab comes into contact with the continental crust and travel in the crustal waveguide as a high-frequency (f = 0.5-5 Hz) Lg wave train.
All of these features of the seismic wavefield produced by the 3-D FDM simulation match well with the observations from the 680 km deep 2015 Ogasawara Islands earthquake.
Simulated Wavefield for a 460 km Deep Event in the Subducting Pacific Slab
We now examine the simulated 3-D wavefield for a 460 km depth source (Figure 9b ), corresponding to the inslab M w 6.8 earthquake of 2010 November 30 (illustrated in Figure 2 ). The fault-source model of this event is approximated by an 8 km by 8 km zone with a rupture propagation velocity of 4.0 km/s. The focal mechanism is based on the GCMT catalog (strike: 76°, dip: 31°, rake: À157°), CMT depth 460.6 km, and seismic moment of 1.96 × 10 26 dyne-cm. Snapshots of the full 3-D wavefield for this in-slab event are shown in Figure S7 in the same configuration as in Figure 8 (see also Movie S4).
The results of the simulation for this shallower event within the subducting slab show much stronger highfrequency slab-guided S waves ( Figures 9b and section S6 ; see also Movies S4 and S6). The snapshots show that the slab efficiently ducts the S wave energy to the surface and to the north along the slab, leading to large amplitude and long-duration high-frequency ground motion at larger distances. At distances around 500 km, a strong SV-to-P converted phase is generated at the free surface above the Philippine sea plate, but the thin, 5 km thick oceanic crust of the Philippine sea plate does not generate a crustally guided SsPmp phase and accordingly no S-PL wave. For the thicker (30-35 km) continental crust at epicentral distances over 700 km, there is a modest development of the S-PL wave (258 s frame) traveling in the continental crust. However, the attenuation of the S-PL is significant with propagation through leakage of the seismic energy into the mantle by P-to-SV conversion at free surface (Figure 9b ; see Movie S6). In this case the incident angle of the S wave at the free surface from the 460 km depth source is too large to develop large SV-to-P conversion in the crust to compensate for the loss of the S-PL energy.
The record section of the R component ground acceleration shown in the upper panel of Figure 9b does a good job of representing the features of the observed record section (Figure 2 ) for the 460 km depth in-slab event of 30 November 2010. There is an enhancement of the high-frequency Pacific-slab guided waves for the stations in northern Japan, which connect to crustally guided high-frequency Lg waves with a very long coda.
Discussion
The results of the 3-D FDM simulation of seismic wave propagation for the deep events demonstrate clearly the way in which crustally trapped waves build up behind S to produce low-frequency SsPmp and longperiod S-PL wave that are prominent at regional distances from very deep earthquakes. Nevertheless, this low-frequency wavefield will normally be concealed by strong high-frequency slab-guided waves generated by sources within the subducted slab.
Visibility of the SsPmp and S-PL Phases at Regional Distances
The reason for the weaker slab waveguide effect during the 2015 Ogasawara Islands earthquake can be explained by the peculiarity of this unusually deep source depth, occurring outside of the main slab.
If such a very deep source is moved inside the main Pacific slab there is a considerable change in the seismic wavefield. We show in Figure S8 snapshots for a 3-D FDM simulation with a 680 km deep source shifted slightly to west to lie inside the slab (the epicenter is shown in Figure S5 with a star). A vertical slice through the 3-D wavefield along the section A-A 0 is shown in Figure 10a , in the same configuration as in Figure 9 . Now the snapshots of the seismic wavefield show a band of large S wave signals traveling along the slab with long tail of scattered signals from the heterogeneities in the slab.
The record section of the synthetic ground motions for the modified 680 km source inside the Pacific slab shown in Figure 10a demonstrates much enhanced high-frequency P and S waves with very long coda.
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These character of the high-frequency long wave trains is similar to those for the simulation for the shallower (h = 460 km) in-slab event (Figure 9b ). The low-V MOW placed in the core of the slab also helps to guide highfrequency waves, since the in-slab source is located close to the MOW. The low-frequency S, SsPmp, and S-PL phases are now relatively weak and are almost invisible in the seismograms due to the overlap of large, highfrequency slab-guided waves. At distances beyond 1,500 km the slab-guided high-frequency S waves reflect at the free surface and convert to P waves traveling at a faster speed than S (see 258 s snapshot with mark sSP), further decreasing the visibility of the low-frequency S waves.
The character of the slab guided waves is quite sensitive to the focal mechanism of the deep in-slab event.
When oriented so that strong S radiation is directed along the slab, much stronger slab guided waves develop significant ground motions over the surface. Figure 10b shows the result of a simulation using a modified focal mechanism with a rotation of the strike of the fault plane by 45°that radiates larger S waves along the Pacific slab. The simulations confirms enhancement of the strong ground motion with larger and longduration high-frequency signals at stations along the slab. The enlarged slab guided waves are seen in the snapshots as a thick band of large amplitude S wave energy traveling along the slab (Figure 10b ). Larger SsPmp and S-PL phases are also developed by incident of the larger amplitude S waves, but they are almost concealed by the amplified crustally traveling Lg waves and sSP phase converted at the free surface.
Also for the 680 km source shifted into the main slab, there is major change in the character of the PGA distribution across the Japanese Islands, since the stronger slab-guided S waves significantly enhance the PGA anomaly over northern Japan. Figure 11 compares the observations of the PGA from the 2015 Ogasawara Islands earthquake ( Figure 11a ) and simulated PGAs for a 680 km depth source outside the slab (Figure 11b ). Also, we display the simulated PGA for a source at the same depth but moved into the main slab ( Figure 11c ) and with a source with a rotation of the strike of the fault by 45° (Figure 11d ). For the observation we have applied a band-pass filter (f = 0.01-3 Hz) to the KiK-net borehole stations to remove near-surface amplification effects that are not considered in the present 3-D simulation. The result of the simulation for the source inside the main core of the slab produces much enhanced surface PGA that extends much further to north as compared with the observations, demonstrating much stronger slab-waveguide effect (Figure 11c ). The strength of the surface PGA is further enhanced if we modify the focal mechanism of the source inside the slab. For example, rotation of the strike of the fault by 45°enhances the S waves inside the slab (Figure 11d ). In this simulation the strength of the expected PGA is about 4 times larger than that of the observation of the 2015 Ogasawara Islands earthquake, indicating that larger ground shaking at far regional distances might be possible if a large, and deep earthquake were to occur in the core of the Pacific slab, particularly with favorable focal mechanism for S radiation along the slab.
Nevertheless, the surface PGA distribution for the 3-D calculations with the 680 km deep source outside the main slab is much closer to the observations. A weaker slab waveguide effect from the 2015 Ogasawara Islands event was suggested by Takemura et al. (2016) based on 2-D FDM simulation of P wave. They propose that the observed impulsive P onset is a strong evidence that the source is located out of the core of the slab (at the bottom of the slab) since, for a source inside the slab, the envelope of high-frequency P waves will show a spindle shape as a result of strong forward scattering inside the heterogeneous slab. Our simulation results explaining the weaker high-frequency S wave slab guided effect also indicate the source lies out or bottom of the main slab, complementing the study of Takemura et al. (2016) .
Observation of Regional and Teleseismic S-PL Waves
In this study we have shown how the upgoing waves from deep earthquakes can interact with the continental crust to develop long-period S-PL waves at regional distances (D = 1,000-2,000 km). However, observations of S-PL waves are more common for much larger, teleseismic, distances (D = 30-55°) with longer (T = 20-30 s) period, normally dispersed wave trains following the S wave and SS, and multiples (e.g., Oliver, 1961; Poupinet & Wright, 1972) . Such "normal" S-PL waves can be excited by sources at all depths, and excitation tends to be more efficient for shallow sources due to near-source S wave reverberation effects (Baag & Langston, 1985; Helmberger & Engen, 1980) . The waveshape of the S-PL wave is sensitive to both near-source and near-receiver structure, and so is often utilized to investigate crust and mantle structure (e.g., Baag & Langston, 1985; Pettersen, 2007; Yamagishi, 1972; Zandt et al., 1996; Zandt & Randall, 1985; Zhang & Langston, 1996) . Figure 10a ; the original source location for the 2015 Ogasawara event is marked by a dashed circle), and (d) from the simulation with modified source mechanism (fault strike is rotated by 45°).
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In addition to the regional S-PL waves, we also find well-developed teleseismic S-PL for both the 680 km and 480 km deep events beneath the Ogasawara Islands in both the southwest and north directions. Figure 12 shows the record section of R component ground velocity motion for the 680 km deep 2015 Ogasawara Islands earthquake from regional to teleseismic distances using F-net and GSN broadband records. The record section shows regional S-PL waves with moderate periods (T = 10-20 s) in the distance range 1,000-2,000 km. For larger distances (>3,000 km) there are longer-period (T = 20-30 s) S-PL wave trains following the S phase, and at the largest distances SS-PL following the SS phase. For the teleseismic distances, the S and SS waves returned from the deeper mantle arrive at the base of the crust at an incident angle with similar apparent velocity to the crustal P wave speed. Such arrivals generate large SV-to-P conversions at the free surface giving rise to the S-PL wave. The longer period of S-PL and SS-PL at larger distances is due to the attenuation of high-frequency S waves in the mantle. Figure 13 illustrates the distance span for which it is possible to couple an S wave into horizontally propagating P waves in the crust and so generate the S-PL wave. Over the distance range 30-52°the S slowness steadily decreases from 15.7 s/deg to 13.7 s/deg (7.1 s/km to 8.11 s/km), and thus, the coupling into P changes progressively with distance. This means that the frequency content of the S-PL phase changes, and this characteristic can be used to infer information on crustal structure. At teleseismic distances (D = 3,000-5,000 km) there is broad distance range for possible coupling window into the S-PL exists for events at all depths, with an earlier start in epicentral distance for deeper events. The estimated window using the ak135 velocity model starts around 2,500 km for the 680 km depth earthquake, which is consistent with the observations shown in Figure 12 .
In the regional distance range (D < 1,000 km) there is only a narrow window for coupling into S-PL for upgoing waves from deeper sources, which gets broader with source depth; a window for S interaction with the crust occurs at 700-900 km for a source at 680 km depth. Only for such deep events is there any likelihood of significant coupling into S-PL over a regional distance range. We have seen above (Figures 6 and 9 ) the reduced effectiveness of a 460 km source for S-PL generation compared with a 680 km source. It is interesting to note that the slowness limits for the near-distance range for S-PL coupling are reversed compared with those for teleseismic distances, where waves have been reflected back from the mantle.
Such observations of moderate period (T = 10-20 s) S-PL waves at regional distances (D = 1,000-2,000 km), as from the very deep 2015 Ogasawara event, are rather infrequent. Only a few examples have been described such as for Alaska and Japan (Langston, 1996) , Africa (Gangopadhyay et al., 2007) , and in the central Andes (Swenson et al., 1999; Zandt et al., 1996) from deep earthquakes at 100-500 km depth. Normally, the character of the teleseismic S-PL wave is influenced by both near-source and near-station structures, but for deep events, the properties of such regional S-PL wave depend only on the structure near the stations and so can provide useful information on local crustal structure (Swenson et al., 1999) .
Conclusions
The 680 km deep Ogasawara event of 2015 May 30 lies about 800 km from the Japanese mainland and as a result the distance window for efficient coupling into S-PL links into the continental crust. Once the S-PL waves are generated by SV-P coupling, they can sweep through the crust of the Japanese Islands, arriving soon after the arrival of the S wave. These waves bring strong low-frequency ground motion across a broad area of Japan. This unusual situation arises from the presence of a very deep event at just the right distance from Japan, and large S wave radiation from the source for the requisite slownesses produces efficient coupling of the S waves into the crust.
The character of the wavefield from the 2015 Ogasawara event requires it to lie outside the main portion of the subducting Pacific slab. This event occurs near a change in plate morphology and may well be linked to the presence of plate tears (Miller et al., 2005) or buckling above the 660 km discontinuity (Yang et al., 2017) . The configuration suggested by Zhao et al. (2017) has the very deep event in a southern portion of the Pacific plate, isolated from the northern segment that links into a stagnant slab in the transition zone. Such a scenario would be consistent with the absence of slab-guided waves, and also the P waveform characteristics invoked by Takemura et al. (2016) .
The strong results from the wavefield characteristics from the very deep 2015 Ogasawara event require the source to lie outside the main Pacific slab. This forces strong constraints on the morphology of the deep slab structure subducted at the Izu-Bonin trench. Future analysis of regional and teleseismic broadband records for paths that traverse this deeper portion of slab, for example, from OBS records, should aid understanding. Such results can then be coupled to high-resolution simulation of high-frequency seismic wave propagation. In this way, when suitable observations are available, it may be possible to resolve features associated with tearing, folding, and buckling of the deep Pacific slab above the 660 km discontinuity (as proposed by Ye Figure 13 . The distance bands for the generation of S-PL waves (green) from incident S waves for the ak135 model. The red markers indicate the P mantle slowness of 15.7 s/deg (apparent velocity 7.1 km/s) and the blue markers a slowness of 13.7 s/deg (apparent velocity 8.11 km/s). 2017JB014519 et al., 2016 Zhao et al., 2017; Yang et al., 2017 ). The precise nature of the slab geometry will be a key to determine the way in which this unusually deep earthquake was generated.
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